1. Introduction {#sec1-biomolecules-10-00485}
===============

Notch is a transmembrane, developmental signalling receptor, which plays many crucial roles in developmental patterning, cell fate decisions, regulation of cell survival and proliferation \[[@B1-biomolecules-10-00485],[@B2-biomolecules-10-00485],[@B3-biomolecules-10-00485]\]. As well as pleiotropic developmental roles, Notch receptors continue to play important roles in adult tissue maintenance and repair through regulation of stem cells and their lineages and other cellular processes. Notch was first identified in *Drosophila*, which has a single Notch gene \[[@B4-biomolecules-10-00485]\]. In humans however gene duplication and diversification during evolution have given rise to four Notch orthologues (Notch1-4), which have both overlapping and specialised functions \[[@B5-biomolecules-10-00485],[@B6-biomolecules-10-00485]\]. [Figure 1](#biomolecules-10-00485-f001){ref-type="fig"} summarises the domain structure of Notch proteins, which is highly modular in nature. The large extracellular domain (ECD) is comprised largely of tandem repeats that are closely related to epidermal growth factor (EGF) and vary in number between different Notch homologues. These EGF-modules are characterised by 6 highly conserved Cysteines, which form three stereotypical disulphide bonds, contributing stability to the EGF-module fold. Notch1 and Notch2 each possess 36 EGF modules similar to *Drosophila* Notch. Notch 3 and 4, however, have smaller extracellular domains (ECDs) with 34 and 29 respectively. Further differences are located in the intracellular domain (ICD) which is shorter for Notch3 and 4 and lacks a region thought to act as a transcriptional activator domain (TAD) ([Figure 1](#biomolecules-10-00485-f001){ref-type="fig"}). More proximal to the membrane, there is a negative regulatory region (NRR) whose domain structure buries a proteolytic site \[[@B7-biomolecules-10-00485]\] and this plays a key role in the activation mechanism of Notch.

Proteolytic cleavage is an essential feature of the mechanisms by which Notch is activated ([Figure 2](#biomolecules-10-00485-f002){ref-type="fig"}). Notch proteins are normally first cleaved by furin in the S1 site of the extracellular domain during secretory transport, leaving the full-length receptor to reach the cell membrane as a processed heterodimer, although the requirement for this process may vary between different Notch proteins \[[@B8-biomolecules-10-00485]\]. In the canonical signal activation mechanism Notch is then activated at the cell surface by binding of membrane ligands of the Delta or Serrate/Jagged families defined by a common Delta/Serrate/Lag2 (DSL) domain. Ligand endocytosis-induced tension on the tightly bound Notch extracellular domain (ECD) results in local unfolding at the NRR and thus exposure of the S2 cleavage site \[[@B9-biomolecules-10-00485],[@B10-biomolecules-10-00485]\]. The latter is recognised and cleaved by Adam10 metalloprotease, with the ECD being removed and transendocytosed into the signal-sending cell still bound with the ligand ([Figure 2](#biomolecules-10-00485-f002){ref-type="fig"}). The remaining membrane tethered intracellular domain with its small extracellular moiety then becomes a substrate for the gamma-secretase complex which acts to cleave Notch at the S3 site in its membrane spanning sequence \[[@B11-biomolecules-10-00485]\]. This releases Notch intracellular domain (ICD) to translocate to the nucleus where it forms a complex with the transcription factor CBF-1/Suppressor of Hairless/Lag1 (CSL), along with additional cofactors that activate gene transcription ([Figure 2](#biomolecules-10-00485-f002){ref-type="fig"}). Additional routes to activation have also been described in both invertebrate and vertebrate models, which are independent of ligand binding \[[@B12-biomolecules-10-00485],[@B13-biomolecules-10-00485],[@B14-biomolecules-10-00485],[@B15-biomolecules-10-00485],[@B16-biomolecules-10-00485],[@B17-biomolecules-10-00485],[@B18-biomolecules-10-00485]\]. These ligand-independent mechanisms, best characterised in *Drosophila*, depend on endocytosis of full-length Notch and proteolytic activation in the endosomal and lysosomal membranes ([Figure 2](#biomolecules-10-00485-f002){ref-type="fig"}) \[[@B13-biomolecules-10-00485],[@B14-biomolecules-10-00485],[@B19-biomolecules-10-00485],[@B20-biomolecules-10-00485]\].

The evidence to date indicates that Notch3 is activated by DSL domain-containing stereotypical ligands according to the above described mechanism \[[@B21-biomolecules-10-00485],[@B22-biomolecules-10-00485],[@B23-biomolecules-10-00485],[@B24-biomolecules-10-00485]\]. Recent reports indicate that Notch3 also has a high background of ligand-independent signalling which may be relevant both to normal Notch3 functions and in pathological contexts \[[@B25-biomolecules-10-00485]\]. The mechanism is unknown, but the native NRR fold of EGF was reported to be less stable than that of other Notch proteins studied. Whether this ligand-independent mechanism depends on Notch3 endocytosis similar to Drosophila Notch activation mechanisms is not known. It is also not ruled out that non-canonical ligands might be involved. For example, YB-1 is a cold shock domain-related protein, which is reported to activate Notch3 through binding to EGF-modules 20--23 and may regulate immune and inflammatory responses \[[@B26-biomolecules-10-00485],[@B27-biomolecules-10-00485]\].

2. Developmental Roles of Notch3 {#sec2-biomolecules-10-00485}
================================

Early genetic studies on mice lacking Notch3 showed them to be viable and fertile with no reported phenotypes \[[@B28-biomolecules-10-00485]\]. However, later studies indicated developmental roles for Notch3 in the vasculature and in particular the lineage leading to vascular smooth muscle cell fate. During vascular development, endothelial precursor cells differentiate and form tubular networks. During angiogenesis, the networks undergo sprouting, and vessels are stabilised by recruitment of mural cells, which differentiate into vascular smooth muscle cells (VSMCs) ([Figure 3](#biomolecules-10-00485-f003){ref-type="fig"}) \[[@B29-biomolecules-10-00485]\]. A detailed analysis of post-natal Notch3 null mice found that there were defects in smooth muscle cell maturation, arterial differentiation and morphology compared to wild type mice leading to thinner and improperly formed smooth muscle cell layers that normally surround the arterial vessels \[[@B30-biomolecules-10-00485]\]. Published work from in vitro studies indicates that Jagged1 expression in endothelial cells activates Notch3 in VSMCs with an autoregulatory loop maintaining Notch3 expression in VSMCs \[[@B23-biomolecules-10-00485],[@B24-biomolecules-10-00485]\]. A key downstream effector in this process is the PDGF (platelet derived growth factor receptor) signalling pathway and PDGFR- is upregulated by Notch3 activation \[[@B31-biomolecules-10-00485]\]. Further work has shown that Notch3 also has roles at earlier steps in the VSMC lineage, which are masked by partial redundancy with other Notch homologues. In zebrafish, Notch2 and Notch3 act together to regulate production during embryogenesis of both mesoderm-derived and neural crest-derived mural cells, the precursors of VSMCs \[[@B32-biomolecules-10-00485]\]. A similar redundancy is found in mice as Notch2, Notch3 double mutants are embryo lethal with severe loss of VSMCs and vascular abnormalities \[[@B33-biomolecules-10-00485]\]. However further work using primary cell cultures indicated some distinct roles of Notch2 and Notch3 within the VSMCs. Notch2 suppresses VSMC proliferation, while Notch3 promotes proliferation and protects against VSMC apoptosis \[[@B34-biomolecules-10-00485],[@B35-biomolecules-10-00485]\]. Functional overlap and interrelationship between different Notch proteins are thus complex and highly context-dependent.

A combination of heterozygous Notch1 mutation with Notch3 deficiency in mice has also revealed a requirement for Notch3 in forming pericytes, an alternative differentiated mural cell fate \[[@B36-biomolecules-10-00485]\]. Pericytes are recruited to the vasculature during angiogenesis and contribute to basement membrane formation, which stabilises the vessels. The loss of Notch3 enhanced hypervascularisation phenotypes in the mouse retina that occur with heterozygous Notch1 mutants and caused disorganisation of the basement membrane and arteriovenous malformations, with inappropriate direct connections between arterial and venous systems \[[@B36-biomolecules-10-00485]\]. In zebrafish, the deletion of Notch3 alone led to more severe effects than in mice, with a loss of pericytes, haemorrhage, and defective blood--brain barrier. The likely role for Notch3 in this case was proposed to be pericyte proliferation during embryogenesis rather than initial specification \[[@B37-biomolecules-10-00485]\]. Notch3 was also found to have a role in mouse cardiac smooth muscle development but in this case the details of the lineage differ, as the smooth muscle cells (SMCs) are derived from pericytes, which initially coat the cardiac artery vessel walls, having migrated from the epicardium \[[@B38-biomolecules-10-00485]\]. In mice deficient for Notch3, pericardium recruitment occurs normally but their differentiation into cardiac smooth cells is impaired. This normally occurs at sites of arterial remodelling on initiation of blood flow in response to endothelial expressed Jagged1, whose expression is also upregulated on initiation of blood flow \[[@B38-biomolecules-10-00485]\]. A similar pericyte conversion may also occur during kidney development \[[@B38-biomolecules-10-00485]\]. In zebrafish an additional redundant development role of Notch3 has been uncovered by examination of phenotypic consequences of knockdown of Notch3 expression in Notch1a mutant fish embryos. This revealed a contribution of Notch3 to the development of rhombomere boundaries within the hindbrain regions and additional neuronal hyperplasia \[[@B39-biomolecules-10-00485]\].

3. Roles of Notch3 in the Adult Organism {#sec3-biomolecules-10-00485}
========================================

As with other Notch proteins, Notch3 continues to function in various capacities in the adult organism, further highlighting functional interactions, cooperation and specialisations of different Notch proteins. Notch3-deficient adult mice show further progressive phenotypes in brain and retinal vasculature, resulting from vascular smooth muscle cell degeneration and loss through apoptosis \[[@B40-biomolecules-10-00485]\]. This causes loss of vessel integrity, haemorrhage and loss of blood--brain barrier function. *Notch3* expression in mouse vascular smooth muscle cells also plays a role in regulating vascular tone and flow-mediated dilation on cerebral and tail resistance arteries \[[@B40-biomolecules-10-00485]\]. Furthermore, *Notch3* deficiency alters the physiological adaptation to high blood pressure in adult mice. *Notch3*-deficient mice were found more likely to develop heart failure when maintained in a hypertensive condition \[[@B40-biomolecules-10-00485]\]. This was found to reflect reduced F-actin content and a decline in contractile phenotype of the VSMCs after systemic hypertension was induced with angiotensin II treatment. A reduced capillary density was observed and heart failure was associated with increased oxidative stress.

These findings support a role of Notch3 in mediating mechanotransduction. Phenotypic plasticity of VSMCs in response to changes in haemodynamic environment is important in healthy vascular function. When VSMCs are in a contractile condition they regulate vascular tone, but in adaption to mechanical inputs VSMCs can switch morphology to a synthetic phenotype and contribute to vascular growth and remodelling \[[@B41-biomolecules-10-00485]\]. An interesting recent study combining experimental observations and computational modelling has revealed that Jagged-1-induced Notch3 signalling decreases with increased mechanical load with a switch between contractile and synthetic VSMC phenotype linked to changes in thickness in the VSMC wall that encloses the endothelial cells that form the artery vessel ([Figure 3](#biomolecules-10-00485-f003){ref-type="fig"}) \[[@B42-biomolecules-10-00485]\]. Further in vitro studies have linked shear stress to the signalling potential of endothelial cells through regulation of Jagged-1 endocytic trafficking \[[@B43-biomolecules-10-00485]\].

Adult roles of Notch3 extend beyond the vasculature. Recent work has identified the function of Notch3 in neuronal stem cells and neuronal differentiation \[[@B44-biomolecules-10-00485],[@B45-biomolecules-10-00485]\]. The subependymal zone is an important stem cell niche in the adult mammalian brain, containing active and quiescent stem cell populations. There is a division of labour between Notch1 and Notch3 in regulating these populations. In studies of the mouse model system, Notch1 is preferentially expressed in active stem cells and promotes their proliferation, while Notch3 is preferentially expressed in quiescent stem cells and is required for their maintenance by suppressing their proliferation \[[@B42-biomolecules-10-00485]\]. Similar outcomes and relative roles for Notch1 and Notch3 in neural stem cell regulation were identified in the zebrafish model \[[@B43-biomolecules-10-00485]\].

Notch3 also plays a role in the regulation of satellite cells, which are stem cells involved in skeletal muscle repair. Notch3 null mice showed considerably more muscle growth than wild-type mice after repeated injury associated with increased proliferation of activated satellite cells \[[@B46-biomolecules-10-00485]\], whereas Notch1 has been positively linked with satellite cell activation and proliferation \[[@B47-biomolecules-10-00485]\]. Similarly, in the mouse mammary gland, Notch3 has been linked to restricting the proliferation of a luminal population of stem cells \[[@B48-biomolecules-10-00485]\]. Notch3 also has roles in oesophageal homeostasis in cooperation with Notch1. Notch1 signalling activates Notch3 expression, which in turn promotes oesophageal squamous cell differentiation \[[@B49-biomolecules-10-00485]\].

4. Notch3 and Disease {#sec4-biomolecules-10-00485}
=====================

4.1. Notch3 and Cancer {#sec4dot1-biomolecules-10-00485}
----------------------

Aberrant Notch signalling was first linked to human cancer through the identification of a chromosome translocation, in T-cell acute lymphoblastic leukaemia (T-ALL), that resulted in the expression of the soluble cytoplasmic domain of Notch1, which was constitutively active, linking ectopic Notch activity to cancer progression \[[@B50-biomolecules-10-00485]\]. While this type of mutation has, however, proven to be quite rare, it has subsequently been found that about 50% of T-ALL harbour activating mutations in Notch1 \[[@B51-biomolecules-10-00485]\]. These are largely comprised of missense mutations in the NRR domain of Notch1 or C-terminal truncations that remove the PEST domain which is involved in Notch protein turnover. Notch3 has also been implicated in T-ALL, and NRR and PEST (proline, glutamate, serine, threonine-rich) domain mutations have been detected in T-ALL cell lines \[[@B52-biomolecules-10-00485]\]. However, only a few mutations have been identified from patient samples. Instead, overexpression of Notch3 is associated with the disease in nearly all cases \[[@B53-biomolecules-10-00485],[@B54-biomolecules-10-00485]\]. Blockade by antibodies specifically targeting the Notch3 NRR domain has been shown to have anti-leukemic effects \[[@B52-biomolecules-10-00485]\]. Notch1 and Notch3 signalling has been found to invoke a similar downstream oncogenic programme including the driving of the cell growth regulator Myc \[[@B55-biomolecules-10-00485]\].

A number of different factors are reported to drive high Notch3 expression in T-ALL. Activated Notch1 signalling has been shown to drive Notch3 expression, but high Notch3 is also present in T-ALL without activating Notch1 mutations \[[@B56-biomolecules-10-00485],[@B57-biomolecules-10-00485]\]. Recent work has implicated Notch3 acting in a self-sustaining feedback loop to maintain its high expression combined with reduced histone3 (H3) K27 methylation, increased H3K4 methylation and K27 acetylation of the Notch3 enhancer region, an activated gene expression profile \[[@B56-biomolecules-10-00485],[@B57-biomolecules-10-00485]\]. This is in part regulated by aberrant expression of the epigenetic regulator Boris (brother of regulator of imprinted sites) \[[@B58-biomolecules-10-00485]\]. Post-transcriptional regulation by micro-RNAs is also important for the regulation of Notch3 expression, for example by miR-150 \[[@B59-biomolecules-10-00485]\]. In T-all cells miR-150, normally highly expressed in the lymphoid lineage, is reduced in expression and this loss may therefore contribute to increased Notch3 levels \[[@B60-biomolecules-10-00485]\] as has also been found in lung adenocarcinona and ovarian cancer \[[@B61-biomolecules-10-00485],[@B62-biomolecules-10-00485]\].

Aberrant Notch3 protein levels in T-All are also associated with altered protein turnover. Histone deactylase 6 (HDAC6) has been shown to have a number of alternative substrates apart from any chromatin modification role \[[@B63-biomolecules-10-00485]\]. Recent work has indicated that HDAC6 promotes high levels of Notch3 expression and blocking the activity of HDAC6 increased lysosomal degradation of Notch3. This may be through interference with tubulin deacetylation, a known substrate for HDAC6 \[[@B57-biomolecules-10-00485]\]. Other work has shown that Notch3 itself is acetylated and deacetylated by p300 and HDAC1, respectively, to regulate the proteosome-dependent degradation of Notch3 ICD, and inhibition of HDAC1 has anti-leukaemic properties \[[@B64-biomolecules-10-00485]\].

Unlike Notch1, which is mutated to become ligand-independent, Notch3 is rarely mutated in T-ALL \[[@B52-biomolecules-10-00485]\]. Like other Notch proteins, Notch3 signalling is stimulated by binding of ligands of Delta and Serrate/Jagged class of membrane bound proteins, which share the Delta/Serrate/Lag2 (DSL) domain. Notch3 also displays significant basal levels of signalling activity, independently of ligand interactions \[[@B25-biomolecules-10-00485]\], and it is possible that both modes of activities play a role in T-ALL. It has been suggested that Delta-like 4 (Dll4) expressed on endothelial cells may play an activating role in promoting T-ALL in a tumour model system in mice that revealed the roles of Dll4 in mediating T-ALL release from tumour dormancy \[[@B65-biomolecules-10-00485]\]. Dll4 expression in the bone marrow may be another source of this ligand, which may come into contact with Notch1 or Notch3 in T-ALL cells \[[@B66-biomolecules-10-00485]\]. Another study points to a potential role for cis-expressed Jagged1, i.e., expressed in the same cells as Notch3. Normally cis-expressed ligands are associated with Notch inhibition rather than activation, but in this context, it is reported that cis-Jagged1 expression promotes Notch activity by two mechanisms \[[@B67-biomolecules-10-00485]\]. Firstly, the Jagged1 intracellular domain was found to be cleaved from a lipid raft membrane compartment by Adam10 to relocate to the nucleus and to participate in Notch3 target gene regulation through binding to the CSL transcription factor, along with Notch3 ICD. Secondly, the Jagged1 extracellular domain was found to be released into the extracellular medium and activate Notch3 in surrounding cells. It is not clear how soluble ligand overcomes the normal requirement for ligand endocytosis to cause NRR unfolding, but perhaps the reduced stability of the NRR of Notch3 has a role here. A self-sustaining positive feedback loop was proposed because Notch3 signalling had been found to drive Jagged1 expression \[[@B67-biomolecules-10-00485]\].

The ability of Notch3 to activate in the absence of DSL ligands suggests that it is likely that this constitutive activation mechanism plays a role in Notch3 signalling in cancer, particularly, given the high expression levels of Notch3 that are often observed. Ligand-independent activation of Notch3 in T-ALL has not been specifically investigated to our knowledge, but it has been reported to be significant in breast cancer \[[@B68-biomolecules-10-00485]\], which, like T-ALL, is frequently associated with high Notch3 expression. Breast tumours with high Notch3 levels are enriched in the triple-negative breast cancer (TNBC) subclass that lacks estrogen receptor, progesterone receptor (PR) and human epidermal growth factor receptor 2 (Her2) expression. About a third of TNBC is associated with Notch3 gene amplification/overexpression and overactivated Notch3 signalling, and Notch3 seems to be the primary Notch signal associated with TNBC \[[@B68-biomolecules-10-00485],[@B69-biomolecules-10-00485],[@B70-biomolecules-10-00485]\]. C-terminal truncations of Notch3, associated with increased stability of the Notch3 ICD, have also been identified in tumours with high Notch3 expression \[[@B70-biomolecules-10-00485]\]. Similarly, Notch3 gene amplification and expression are associated with ovarian cancer and Notch3 signalling has been shown to promote breast and ovarian tumour cell growth, survival and metastasis \[[@B68-biomolecules-10-00485],[@B69-biomolecules-10-00485],[@B71-biomolecules-10-00485]\]. Interestingly, reduced Notch3 endocytic turnover has also been shown to play a role in stimulating Notch3 activity in ovarian cancer cells. Mutations removing the Nedd4 family ubiquitin ligase gene WWP2 are commonly found in ovarian cancer and lost WWP2 activity is associated with decreased Notch3 lysosomal degradation and increased signalling activity \[[@B71-biomolecules-10-00485]\]. WWP2 binds to Notch3 via a PPXY motif ([Figure 1](#biomolecules-10-00485-f001){ref-type="fig"}) that recruits WWP2 through its WW domains. In this regard, the regulation of Notch3 appears similar to *Drosophila* Notch, whose endocytic-dependent degradation is dependent on Suppressor of deltex ([Figure 2](#biomolecules-10-00485-f002){ref-type="fig"}), a *Drosophila* Nedd4 family protein, which regulates a ligand-independent activation mechanism \[[@B12-biomolecules-10-00485],[@B20-biomolecules-10-00485]\].

It should be noted, however, that contrary reports of the role of Notch3 in breast cancer have also been published. For example, in estrogen receptor-α positive tumour cells, Notch3 activity has been reported to suppress epithelial--mesenchymal transition and reduce metastases \[[@B72-biomolecules-10-00485]\]. Notch3 expression and signalling have also been linked to the promotion of cellular senescence and a tumour suppressor role of Notch3 has been proposed. The details of cellular context are likely to account for the different outcomes reported in different studies.

4.2. Notch3 and Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL) {#sec4dot2-biomolecules-10-00485}
--------------------------------------------------------------------------------------------------------------------

CADASIL is an autosomal, dominantly inherited small vessel disease \[[@B73-biomolecules-10-00485],[@B74-biomolecules-10-00485],[@B75-biomolecules-10-00485],[@B76-biomolecules-10-00485]\]. Genetic defects are located within Notch3 and are associated with accumulation of its extracellular domain (ECD), detached from its intracellular domain (ICD) in aggregates associated with VSMCs \[[@B77-biomolecules-10-00485],[@B78-biomolecules-10-00485],[@B79-biomolecules-10-00485],[@B80-biomolecules-10-00485]\]. CADASIL is a progressive disease associated with vascular abnormalities affecting arterial VSMCs. Depositions of granular osmiophilic material (GOM), which include Notch3 ECD and other components \[[@B79-biomolecules-10-00485]\], occur in the VSMC basement membrane and there is degeneration and loss of VSMCs through apoptosis or altered proliferation \[[@B81-biomolecules-10-00485],[@B82-biomolecules-10-00485]\]. These effects are widespread in the vascular system, but the pathological consequences are focussed on the brain. Early symptoms include migraine with aura (mean onset in the twenties), progressing to transient ischaemic attacks and stroke (mean onset in forties), and ultimately symptoms of vascular dementia with white matter lesions and fluid filled cavities (lacunes) associated with deep brain infarcts \[[@B73-biomolecules-10-00485],[@B74-biomolecules-10-00485],[@B75-biomolecules-10-00485],[@B76-biomolecules-10-00485]\]. Defects in blood--brain barrier function associated with pericyte loss have also been suggested, but this may not be a consistent feature \[[@B83-biomolecules-10-00485]\].

Most CADASIL mutations either substitute or introduce a cysteine within Notch3 EGF modules, potentially destabilising the disulphide bonding pattern and module fold \[[@B74-biomolecules-10-00485]\]. While CADASIL is reported to affect about 4/100000 of the population, genomic studies have revealed that about 1/300 individuals carry archetypal CADASIL mutations \[[@B84-biomolecules-10-00485],[@B85-biomolecules-10-00485]\] and it is possible that the condition is considerably underdiagnosed or has a wider spectrum of severity than previously appreciated. Supporting the latter, the distribution of mutations in the general population differs from that of diagnosed CADASIL cases. From studies of diagnosed CADASIL cases, it has been found that there is a pronounced clustering of disease-associated mutations in the five N-terminal EGF modules, while population genomics studies show less clustering in the N-terminal region \[[@B84-biomolecules-10-00485],[@B85-biomolecules-10-00485]\]. A comparison of clinical data suggested that CADASIL mutations affecting the N-terminal region tended to have more severe outcomes and earlier disease onset. It is not known whether there is a specialised regulatory significance of the N-terminal region of Notch with some specific relevance to disease progression. Genetic studies have shown that *Drosophila* Notch mutations that disrupt disulphide bonds of differently located EGF modules indeed have different functional outcomes, which can be a loss or gain of function for signalling with different outcomes on developmental cell fate decisions \[[@B86-biomolecules-10-00485],[@B87-biomolecules-10-00485]\]. Notwithstanding the above reports, published work has shown that the CADASIL mutation C445R, which lies in EGF11, within the ligand-binding region of Notch3, has a more severe outcome and early-onset phenotype \[[@B88-biomolecules-10-00485]\]. However, other ligand-binding region mutations were associated with less severe cognitive impairments compared to more commonly located CADASIL mutants, although paradoxically with larger volumes of white matter lesions detected by magnetic resonance imaging \[[@B89-biomolecules-10-00485]\]. The contrasting observations are relevant to understanding the connection between mutations of Notch3 and the manifestation of the consequences on VSMCs, a pathway, which remains the subject of debate and alternative models in the literature.

Research work in cell culture has shown that differently located mutations have different effects on the ability of Notch3 to signal \[[@B90-biomolecules-10-00485],[@B91-biomolecules-10-00485]\], with some CADASIL mutants apparently having no effect on signalling, but others located around the ligand-binding region blocking ligand-induced signalling. This disconnection between effects on Notch3 signalling and disease occurrence has led to a model of neomorphic toxicity, resulting from abnormal recruitment of extracellular matrix components, rather than a signalling defect \[[@B79-biomolecules-10-00485],[@B92-biomolecules-10-00485]\]. Notch3 ECD has been reported to be deposited in disulphide cross-linked aggregates that sequester matrix components, such as tissue inhibitor of metalloproteinase 3 (TIMP3), vitronectin and latent TGF-β-binding protein 1 (LTBP-1). Support for this model comes from studies on a transgenic mouse Notch3 CADASIL mutant model, in which genetically reduced TIMP3 and vitronectin levels were able to partially ameliorate different phenotypic consequences, while not affecting Notch3 ECD deposition. A reduction in TIMP3 levels suppressed Notch3 mutant effects on myogenic tone, while a reduction in vitronectin reduced white matter lesions \[[@B93-biomolecules-10-00485]\]. Altered TGF-β signalling has been found in a related, rare, recessive, small vessel disease CARASIL (cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy), and increased TGF-β signalling has been proposed to reduce VSMC proliferation in CADASIL as a downstream consequence of Notch3 ECD deposition \[[@B82-biomolecules-10-00485]\].

Other research studies have favoured a model in which a deficit in Notch signalling contributes to the CADASIL phenotype. For example, dominantly inherited truncation and nonsense mutations have been reported to be associated with small vessel disease without Notch aggregation and GOM \[[@B94-biomolecules-10-00485],[@B95-biomolecules-10-00485]\]. However, other studies have concluded that hypomorphic Notch alleles are not associated with CADASIL features \[[@B96-biomolecules-10-00485]\]. The spectrum of phenotypic variability, age of onset and penetrance of small vessel disease linked to Notch3 defects need further investigation to fully evaluate these conflicting results. Even in cases with stereotypical CADASIL mutations, the presence of Notch3 ECD aggregates in skin biopsies is not fully diagnostic with about 80%--90% sensitivity reported \[[@B97-biomolecules-10-00485]\]. Interestingly, in one study, an individual was identified with clinical features similar to that of CADASIL, but who was homozygous for a null Notch3 mutation \[[@B98-biomolecules-10-00485]\]. From magnetic resonance imaging (MRI) scans, there was evidence of white matter lesions and deep brain infarcts, while examination of skin and muscle blood vessels revealed changes in small vessel walls, including loss of VSMCs. No GOM deposits were observed in this case, suggesting that some features of CADASIL may not depend on protein aggregation \[[@B98-biomolecules-10-00485]\]. Some studies in mouse models have also suggested that the loss of Notch3 signalling may contribute to CADASIL phenotypes \[[@B99-biomolecules-10-00485]\], since Notch3 null mutant mice show a progressive loss of VSMCs, blood--brain barrier disruption and some local losses of vessel integrity. No GOM deposits were observed. However, in another study, clinical manifestations such as white matter lesions were not identified in Notch3 null mice \[[@B100-biomolecules-10-00485]\], although similar white matter lesions were found in transgenic mouse models expressing a human Notch3 CADASIL mutant \[[@B100-biomolecules-10-00485]\].

Interestingly, in Notch3 null mutant mice, which are also heterozygous for a Notch1 mutant, an enhanced phenotype was observed which was reported to include GOM in neonatal mice, which the authors attributed to an accelerated CADASIL phenotype \[[@B36-biomolecules-10-00485]\]. This work suggests that some Notch1 activity may in part compensate for the compromised Notch3 activity in CADASIL patients. It also indicates that when combined Notch signalling is strongly compromised, then GOM deposition can occur independently of Notch3 ECD aggregates. Some previous biochemical analyses have suggested that Notch3 ECD can form dimers with other Notch proteins and have a dominant negative effect on Notch signalling generally and this may be exacerbated by CADASIL mutations, which are cleared more slowly from the cell \[[@B101-biomolecules-10-00485]\]. However, different mouse studies indicated that no change or loss of Notch signalling is associated with the expression of CADASIL-relevant phenotypes \[[@B100-biomolecules-10-00485],[@B102-biomolecules-10-00485]\].

Given the alternative views supported in different studies, it is likely that the contribution of Notch3 mutations to CADASIL phenotype is complex and multifaceted and the balance of contributions from signalling, dominant-negative effect and neormorphic toxicity may differ for different mutations. It is important to further understand this heterogeneity when considering possible therapeutic solutions. Two antibody approaches have been tested recently. Assuming that CADASIL mutant phenotypes result from reduced Notch3 signalling, one approach tested the use of an antibody to the Notch3 NRR domain, which destabilises the domain and stimulates ligand-independent signalling \[[@B103-biomolecules-10-00485]\]. In a mouse model bearing the C445R CADASIL mutant that blocks ligand-induced signalling, the use of the agonist antibody recovered phenotypes, such as mural cell coverage of arteries, that result from Notch signalling deficits \[[@B103-biomolecules-10-00485]\]. However, the consequences of agonist antibodies were not investigated on more archetypal, N-terminally located, CADASIL mutants that have been reported not to have Notch signalling deficits. An alternative approach targeting the proposed toxic effect of Notch3 aggregates has also been tested using an antibody against the Notch EGF module-containing region of the ECD \[[@B104-biomolecules-10-00485]\]. The aggregates in the mouse transgenic CADASIL model were successfully decorated with the antibody and some reversal of impaired cerebral blood flow responses were also achieved. However, the treatment did not prevent the formation of white matter lesions. Therefore, while both of the above-mentioned models of CADASIL have support in the literature, questions still remain as to whether either model provides a complete understanding.

A recently published study further complicates the interpretation of the CADASIL phenotype and provides an alternative explanation \[[@B105-biomolecules-10-00485]\]. An examination of VSMC primary cultures isolated from CADASIL patients identified increased Notch3 signalling was identified through quantification of Notch3 downstream target HEYL, which was suppressed by gamma-secretase inhibitors. CADASIL VSMCs were found to have increased cell proliferation, increased apoptosis and altered cytoskeletal morphology. Downstream effects of Notch3 activation were identified to include increased Rho kinase activation (mediated by increased ROCK2 expression), altered Ca^2+^ transients and increased endoplasmic reticulum (ER) stress. The latter was mediated by increased expression of ER stress genes, including Bip, and ER-localised chaperones. This increase was abolished by gamma-secretase inhibitors. The intermediate between ER stress and Notch3 appears to be Notch3-driven expression of NADPH oxidase 5 (Nox5), which regulates the production of reactive oxygen species (ROS) \[[@B105-biomolecules-10-00485]\]. Rho kinase activity and ER stress were linked to changes in VSMC morphology but not to proliferative responses to Notch3. This human study was further supported by data showing Notch3 activation in the transgenic Notch3R169C mouse CADASIL model \[[@B105-biomolecules-10-00485]\].

A similar conclusion regarding the increased activation of Notch3 in CADASIL was obtained from studies of VSMCs differentiated from induced pluripotent stem cells (iPSCs) generated from the fibroblasts of a CADASIL patient \[[@B106-biomolecules-10-00485]\]. In this study, increased Notch activity was also linked to increased VSMC proliferation and cytoskeletal reorganisation. The upregulated expression of genes linked to the NF-kB pathway was identified, indicating that an inflammatory response may be involved. Another recent study using patient-derived iPSCs showed that CADASIL mutant Notch3 mural cells failed to stabilise endothelial networks (also iPSC- derived) in a co-culture model, unlike wild-type VSMCs \[[@B107-biomolecules-10-00485]\]. The CADASIL VSMCs were also more prone to apoptosis. The defects were reversed by siRNA knockdown of Notch3 expression, indicating a gain-of-function effect, although in this case neomorphic or hypermorphic activity was not discriminated. The mechanism by which a gain of Notch3 signalling arises from archetypal CADASIL mutations is not yet explained. Interestingly certain Cysteine missense mutations in Drosophila Notch are linked to gain-of-function activity, and exploring further the mechanisms of this signal activation may provide a useful model system to identify the process involved \[[@B86-biomolecules-10-00485]\]. The current understanding of the links between Notch3 mutations and CADASIL disease is thus represented by three alternative views which differ concerning the relationship between Notch3 signal alteration and the disease, and the alternatives are loss of function, irrelevant (neomorphic activity), and a gain of Notch3 activity. Further research is required therefore to understand the primary mechanistic defect arising from Notch3 mutations to discriminate further between these models. It is possible that a combination of consequences may be involved.

The nature of the primary defect that leads to Notch3 ECD accumulation is less intensively studied but offers an alternative route to developing a therapeutic strategy if this gap in our knowledge could be filled. Whatever the proposed model, it must take account of the predominance of the cysteine altering mutations associated with the CADASIL disease. The \"life cycle of Notch\" offers a number of possible points in which Notch3 ECD separation could occur ([Figure 2](#biomolecules-10-00485-f002){ref-type="fig"}). During trafficking to the cell-surface, Notch proteins are cleaved by Golgi-resident furin proteases at the S1 cleavage site to form a processed heterodimer. The latter is held together by calcium-dependent, non-covalent interactions \[[@B108-biomolecules-10-00485]\]. The dissociation of the heterodimer components could feasibly occur during the secretory process, particularly if disulphide-bonded cross linking involving the odd number of cysteines in CADASIL mutants altered the structure and interactions of the ECD. At the cell surface Notch3 interaction with ligands induces ECD separation after S2 cleavage as part of the normal activation mechanism and ECD is then normally trans-endocytosed into the ligand-bearing cell along with the bound ligand. Alternatively, Notch3 ECD might be removed following endocytosis as part of a ligand-independent activation process akin to that found in *Drosophila* \[[@B13-biomolecules-10-00485],[@B20-biomolecules-10-00485]\]. The defective clearance of disulphide cross-linked ECD at any of these points might be responsible for ECD accumulation and it is possible that there is more than one mechanism involved. Previous studies have suggested that CADASIL mutant Notch3 aggregates arise in the ER \[[@B109-biomolecules-10-00485]\]. However, this study used an inducible overexpression system in HEK cells and wild-type Notch3 also exhibited aggregates although to a lesser degree. Only Notch3 ECD localisation was assessed by immunofluorescence and hence authentic CADASIL-like accumulations were not verified. However, a decrease in turnover of the mutant protein does suggests that, wherever Notch3 aggregates form, defective clearance of the mutant ECD may contribute to its accumulation \[[@B109-biomolecules-10-00485]\]. Another study, also using Notch3 expression in HEK cells suggested that, after ligand interaction from adjacent cells, there was defective transendocytosis of Notch3 into the ligand bearing cell and an increased lifetime of Notch3 ECD at the cell surface \[[@B110-biomolecules-10-00485]\]. This difference was only observed when Notch3 expressing cells were in co-culture with ligand expressing cells. In this study, Notch3 was normally transported to the cell surface as an S1 processed heterodimer. It is not clear whether accumulated ECD material remained in this form or already detached from ICD, although the latter would be expected to release it from the membrane. Despite this ligand-induced Notch3 signalling was not impaired by the CADASIL mutations \[[@B110-biomolecules-10-00485]\]. However, with regard to ligand involvement in Notch3 ECD separation in CADASIL then it is noted that some CADASIL mutants are defective for canonical ligand binding \[[@B88-biomolecules-10-00485],[@B102-biomolecules-10-00485]\] and so, while this step may contribute to ECD separation, then it appears not to be essential. Other studies have implicated the endo/lysosomal pathway in mistrafficking of CADASIL mutant Notch3. In an electron microscope study of post-mortem human brain and skin biopsy samples an accumulation of ubiquitin was noted in VSMCs and GOM was often located within membrane invaginations resembling sites of endocytic vessel formation \[[@B111-biomolecules-10-00485]\]. It was suggested that defective endocytosis of CADASIL Notch3 may be involved in Notch3 aggregate formation. Other studies, using primary human tissue derived VSMC primary cell cultures, have indicated that CADASIL mutant Notch3 may accumulate intracellularly through defective autophagosome/lysosome fusion \[[@B112-biomolecules-10-00485]\].

Given the uncertainties regarding mechanisms of primary defects and how the pathological outcomes arise, some groups have advocated mutation correction as a way forward for therapeutic approaches, including inducing exon skipping to remove the mutant EGF module region \[[@B113-biomolecules-10-00485]\]. Intriguingly a naturally occurring exon skip was identified to remove exon 9 in a human patient with a mild form of the CADASIL disease arising from a heterozygous G498C mutation in EGF12, part of the ligand binding region. This mutation coincidentally lies adjacent to the exon 9 donor splice site. Exon skipping efficiently produced a ligand-binding defective form of the protein with only a small fraction of Notch3 produced bearing the cysteine altering mutation.

4.3. Notch3 and Pulmonary Hypertension {#sec4dot3-biomolecules-10-00485}
--------------------------------------

Pulmonary hypertension (PH) results from arterial vessel wall thickening and lumen occlusion in response to increased VSMC and endothelial cell proliferation. It is a progressive disease, which leads to increased pulmonary arterial pressure and death. Notch3 expression is elevated in VSMCs from lung biopsies of PH patients and rat and mouse models with experimentally induced PH \[[@B114-biomolecules-10-00485]\]. Studies in mice indicated that increased expression was specific to the lungs. Notch3 signalling through the Hes5 target gene was increased and this was found to drive increased proliferation of pulmonary artery smooth muscle cells. Notch pathway inhibition reversed PH in mouse models and Notch3 null mutant mice did not develop PH \[[@B114-biomolecules-10-00485]\]. Further work has indicated that Notch3 activation lies downstream of mTor pathway activation, at least in a hypoxia-induced mouse model of PH \[[@B115-biomolecules-10-00485]\]. PH is also one of the consequences of extra-uterine growth restriction in early post-natal life and a recent study has linked increased Notch3 signalling to pulmonary smooth muscle cell proliferation in this disease context as well \[[@B116-biomolecules-10-00485]\].

PH also has a genetic origin and inherited forms are associated with mutations in TGF-β pathway components. However, one study has linked PH to mutations in Notch3 \[[@B117-biomolecules-10-00485]\]. Mutations in conserved residues of Notch3 ECD (G840E and T900P) were identified in cases of childhood PH. Interestingly, these mutations are located in a region of Notch3, which aligns with an EGF-module region of Drosophila Notch in which gain of function mutations have been identified \[[@B86-biomolecules-10-00485]\], which would support the model of PH being associated with increased Notch3 activity. In this study, however, only decreased signalling was observed when luciferase Hes5-Notch reporter assays were carried out, but it remains possible that this reflects the context of the HEK cell Notch3 overexpression model cell line used.

5. Conclusions {#sec5-biomolecules-10-00485}
==============

Notch3 has perhaps been less intensively studied than other members of the Notch family that have more obviously pleiotropic roles. Nevertheless, the importance of Notch3 to human health is becoming increasingly clear as new developmental functions previously masked by redundancy are revealed and the contribution to adult tissue homeostasis is becoming more appreciated. As with other Notch proteins, Notch3 has many links to human diseases through mutation, altered expression or misregulation of its activity or turnover. The duplication of Notch genes and diversification of their function have likely led to specialisations of particular mechanisms of their regulation. Further studies of the ways in which Notch3 is uniquely regulated compared with other human Notch proteins will underpin the development of means to more specifically target its aberrant activity in different disease contexts.
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![Domain structure of human Notch proteins. Schematic view comparing the domain structure of human Notch proteins. SP (signal peptide), EGF (epidermal growth factor), HD (heterodimer region), TAD (transcription factor activation domain), PEST (domain rich in proline, glutamate, serine and threonine). Locations of S1, S2 and S3 cleavage sites are indicated. PPXY motif in Notch3 acts as a WW domain recognition site for the endocytic regulator WWP2.](biomolecules-10-00485-g001){#biomolecules-10-00485-f001}

![**The life cycle of Notch.** Schematic model of the synthesis, secretory and endocytic transport, activation and turnover of Notch. Locations in the cell where proteolytic cleavages can occur are indicated (**1--3**) and may be relevant to detachment of the Notch3 extracellular domain (ECD). (**1**) Notch is cleaved by furin while in transit in the Golgi to form a processed heterodimer. (**2**) At the cell surface, ligand interaction promotes exposure of the S2 cleavage site, which is a substrate for Adam10-dependent cleavage. The released ECD is endocytosed, along with bound ligand, into the signal-sending cell. (**3**) In *Drosophila*, Notch endocytosis is by both clathrin-dependent and -independent routes \[[@B20-biomolecules-10-00485]\] respectively promoted by ubiquitin ligase regulators deltex (Dx) and suppressor of deltex (Su(dx)). Dx promotes ligand-independent activation of Notch following removal of ECD by an Adam10-independent mechanism and presenilin-dependent release of intracellular domain (ICD) through S3 cleavage. Su(dx) promotes Notch transfer to intraluminal vesicles of the endosome and degradation of the full-length receptor on lysosome fusion.](biomolecules-10-00485-g002){#biomolecules-10-00485-f002}

![Lineage and role of vascular smooth muscle cells. (**A**) Lineage of vascular smooth muscle cells (VSMCs) showing relationship between different cell types that comprise the blood vessels. VSMCs are derived from both mesodermal and neural crest origins. (**B**) Schematic view of cross-section of an artery indicating layered structure of the vessel wall.](biomolecules-10-00485-g003){#biomolecules-10-00485-f003}
